ABSTRACT A key component of Russian wheat aphid, Diuraphis noxia (Kurdjumov), management has been through planting resistant wheat cultivars. A new biotype, RWA2, appeared in 2003 which caused widespread damage to wheat cultivars containing the Dn4 gene. Biotypic diversity in Russian wheat aphid populations has not been addressed since 2005 when RWA2 dominated the biotype complex. Our objectives were to determine the biotypic diversity in the Central Great Plains and Colorado Plateau at regional (2010, 2011, 2013) and local (2012) levels and detect the presence of new Russian wheat aphid biotypes. Regional and within-field aphid collections were screened against Russian wheat aphidresistant wheat genotypes containing genes Dn3, Dn4, Dn6, Dn7, Dn9, CI2401; and resistant barley STARS 9301B. In 2010, all aphid collections from Texas were avirulent to the Dn4 resistance gene in wheat. Regional results revealed Dn4 avirulent RWA6 was widespread (55-84%) in populations infesting wheat in both regions. Biotypes RWA1, 2, and 3/7 were equally represented with percentages <20% each while RWA8 was rarely detected. Combining percentages of RWA1, 6, and 8 across regions to estimate avirulence to Dn4 gene revealed high percentages for both 2011 (64-80%) and 2013 (69-90%). In contrast, the biotype structure at the local level differed where biotype percentages varied up to !2-fold between fields. No new biotypes were detected; therefore, Dn7, CI2401, and STARS9301B remained resistant to all known Russian wheat aphid biotypes. This study documents a shift to Dn4 avirulent biotypes and serves as a valuable baseline for biotypic diversity in Russian wheat aphid populations prior to the deployment of new Russian wheat aphid-resistant wheat cultivars.
Dn4 resistance gene were deployed by 1995 and became an important component in a Russian wheat aphid integrated pest management program for wheat. However, in 2003 a new Russian wheat aphid biotype (RWA2) suddenly appeared in southern Colorado and overcame Dn4 resistant cultivars to cause widespread losses in wheat production. RWA2 was found to be virulent to nearly all the key Russian wheat aphid resistance genes available for wheat (Dn1À9, Dnx, and Dny) except Dn7 (Haley et al. 2004) . Following the discovery of RWA2, six more biotypes (RWA3-RWA8) of lesser virulence were detected infesting wheat (Burd et al. 2006 ) and noncultivated grasses (Weiland et al. 2008 ). Virulence was recently reassessed for the eight Russian wheat aphid biotypes to 16 wheat and barley entries to address discrepancies in certain biotype Â plant genotype interactions reported by researchers (Burd et al. 2006 , Weiland et al. 2008 ). As a result, the original eight biotype groups were reduced to five groups, RWA1, 2, 3/7, 6, and 8 where RWA3/7 represents a consolidation of Russian wheat aphid biotypes 3, 4, 5, and 7 (Puterka et al. 2014) . Another accomplishment was the reduction of plant differentials needed to identify the biotypes by using only four Russian wheat Disclaimer and EEO statement: Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the United States Department of Agriculture. USDA is an equal opportunity provider and employer. The authors declare no conflicts of interest.
1 Plant Science Research Laboratory, USDA-ARS, 1301 N. Western, Stillwater, OK 74074. aphid resistance genes (Dn3, Dn4, Dn6, Dn9). Currently, the remaining sources of resistance in wheat to all known biotypes are CI2401 (Dong et al. 1997 , Collins et al. 2005 and Dn7 (Haley et al. 2004) which are being used to developed new Russian wheat aphidresistant wheat varieties. Resistant germplasm in barley, STARS 9301B and 9577B, is also available that has resistance to all Russian wheat aphid biotypes (Mornhinweg et al. 1999 , Mittal et al. 2008 .
Early study of regional biotype composition in the Central Great Plains began near the time RWA2 appeared (Burd et al. 2006) . The original founding Russian wheat aphid population (RWA1) was shown to be the predominant biotype in 2002 and 2003. This study also led to the discovery of three new Russian wheat aphid biotypes, RWA3, 4 and 5. By 2005, RWA2 rapidly became the most prevalent biotype in wheat fields (57-93%) in most states in the Central Great Plains, although New Mexico still contained 78% RWA1 (Merrill et al. 2009 ). All of the aforementioned studies were regional or not biotype specific in nature. Few studies exist that have addressed the Russian wheat aphid biotypic diversity at a local level within fields. One study on noncultivated grasses at four sites in Colorado led to the discovery that biotype compositions varied between sites and years, 2005 -2006 (Weiland 2006 . In that study, three new Russian wheat aphid biotypes, RWA6, RWA7, and RWA8, were also discovered that differed in their virulence to resistant and susceptible wheat and barley genotypes (Weiland et al. 2008) .
The appearance of new Russian wheat aphid biotypes in the United States are proposed to occur by two avenues; new foreign introductions or through sexual reproduction in resident Russian wheat aphid populations. Genetic comparisons between eight Russian wheat aphid biotypes from the United States and samples from abroad using amplified fragment length polymorphisms (AFLP) analyses indicated that United States populations originated from multiple invasions (Liu et al. 2010) . Another detailed study of variation in microsatellite, mitochondrial, and endosymbiont genes in global Russian wheat aphid populations pointed toward the original invasion being a single clone (Zhang et al. 2014) . Support for this conclusion was the absence or limited (Shufran et al. 2009 ) genetic variation in mitochondrial sequences and the lack of genetic variation in endosymbionts (Swanevelder et al. 2010) . Holocyclic Russian wheat aphid was also discovered at high elevations above 2300 m in Colorado where the sexual phase of reproduction in the Fall season gave rise to considerable biotypic diversity in the progeny (41%) that hatched from eggs the following spring (Puterka et al. 2012) . Given the possibility of a single clonal introduction into the United States, new more virulent biotypes can still result through interbreeding sexual forms from an isofemale colony as demonstrated in another cereal aphid species, Schizaphis graminum (Puterka and Peters 1989) . Therefore, new biotypes arising from sexual reproduction, new introductions, or both, will remain a continual threat to the deployment of sustainable host plant resistance in cereals.
Study of Russian wheat aphid biotypic diversity at both regional and local levels is vital to understanding population structure and detecting new biotypes in order to successfully manage Russian wheat aphid with resistant cereal cultivars. Our objectives were to determine Russian wheat aphid biotype occurrence and prevalence in populations over a 4-yr period in the Colorado Plateau and Great Plains (Southern and Central) Regions encompassing seven states. Biotypic diversity of Russian wheat aphid populations was determined at the regional level during 2010, 2011, and 2013, and at the local level in 2012. Differential responses of nine resistant and susceptible wheat and barley genotypes to isofemale lines derived from single aphid samples was used to assign a known biotype classification or to detect new biotypes.
Materials and Methods
Russian wheat aphid samples were collected from Oklahoma, Colorado, Kansas, New Mexico, Texas, Utah, and Wyoming from wheat fields in the spring and early summer, 2010 to 2013. These states represent the main hard red winter wheat production areas that are commonly infested with Russian wheat aphid (Burd et al. 1998) . Regional sampling for 2010, 2011, and 2013 consisted of collecting 1-5 aphid infested tillers per field. One healthy viviparous female was randomly selected from the 5 tillers to establish one isofemale line per field. Collections were spaced ca. 8-40 km apart along major roadways although spacing depended on the continuity of wheat fields. The goal was to obtain ca. 25-100 samples per state in order to represent a regional level of biotypic diversity. Local within-field sampling was accomplished in 2012 by locating fields in the seven state area that had widely dispersed infestations within a field that were high enough to allow collection of 25-40 Russian wheat aphid infested tillers spaced 5.0 m or more apart. Four states were sampled with greater focus on Colorado and Texas where Russian wheat aphid infestations were more prominent and widespread. Isofemale colonies were also established from one aphid per tiller. Aphidinfested tillers were placed in petri dishes that contained wet filter paper and stored in ice cooled containers for transportation to the laboratory. One individual aphid from each tiller was transferred to 'Yuma' wheat and caged to produce an isofemale colony in a growth room with a temperature of 25 C and a photoperiod of 14:10 (L:D) h.
Each isofemale colony was biotyped by assessing its ability to damage nine wheat and barley genotypes (Table 1) . A 1 to 9 leaf chlorosis or necrosis damage scale where 1 ¼ no damage or chlorosis, 2 ¼ 1-5%, 3 ¼ 6-20%, 4 ¼ 21-35%, 5 ¼ 35-50%, 6 ¼ 51-65%, 7 ¼ 66-80%, 8 ¼ 81-95%, and 9 ¼ 96-100% necrosis or chlorosis was used (Burd et al. 1993 ). The damage response of each plant genotype-Russian wheat aphid biotype combination was classified as resistant (R ¼ damage rating of 5) or susceptible (S ¼ damage rating of >5) (Puterka et al. 2014) . In 2010, only Russian wheat aphid-resistant Dn4, Dn7, and CI2401 in wheat, and STARS 9301B resistance in barley, plus the addition of susceptible wheat ('Yuma') and barley ('Schyler') controls was available. Therefore, results for this year could only identify aphid virulence to these plant genotypes and biotype designations were not possible. Aphids from collections made in 2011-2013 were evaluated on nine plant genotypes that included those used in 2011 in addition to wheat genotypes with resistance genes Dn3, Dn6, and Dn9 which made it possible to determine the five biotype groups, RWA1, 2, 3/7, 6, and 8 and new biotypes (Puterka et al. 2014) . Use of Dn7 and CI2401 resistance sources would be able to identify new biotypes if they showed susceptibility to an aphid collection (Table 1) . Categorical data from leaf chlorosis ratings for aphid biotypes within cereal genotypes were subjected to a one-way nonparametric analysis using a Kruskal-Wallis analysis of variance (PROC NPAR1WAY) and, if significant (P > v 2 0.05), plant comparisons were made using pair-wise KruskalWallis tests (SAS 9.3, SAS Institute 2013).
Results
Preliminary Study-2010. In 2010, high snowfall and low temperatures made it difficult to locate Russian wheat aphid throughout the sampling region. Only Texas had notable Russian wheat aphid infestations that were present in the counties surrounding Amarillo. The small number of aphid isolates screened for biotype (n ¼ 21) were all avirulent to wheat with the Dn4 resistance gene and to the other key sources (Dn7, CI2401, STARS9301B) considered resistant to all known Russian wheat aphid biotypes (Table 1 ). The plant genotypes tested were either entirely resistant or susceptible to the Russian wheat aphid isolates; therefore, no resistant versus susceptible statistical comparisons within plant genotypes were made ( Table  2 ). The aphid collections showed no virulence to resistance in wheat (CI2401, Dn7) or barley (STARS 9301B).
Biotypic Variation-Regional. Mean damage ratings for the resistant and susceptible categories within each plant genotype showed clear differential responses (P > v 2 < 0.001) when all of the aphid screening data were combined over years (2011-2013; Table 3 ). Damage ratings ranged from 2.11-4.27 for resistant and 6.11-8.72 for susceptible categories across all plant genotypes over a 3-yr period. Biotype compositions in the Colorado Plateau and Central Plains Regions were mainly represented by RWA6 in 2011 and 2013 (Fig. 1) . The high percentage of RWA6 for the Great Plains Region was relatively constant between years (2011 ¼ 65%, 2013 ¼ 66%); RWA1, RWA2, and RW3/7 were represented at lower percentages, and RWA8 was rarely detected. Results were similar for the Colorado Plateau Region but higher variation between years occurred for RWA6 (2011 ¼ 55%, 2013 ¼ 84%) and RWA2 (2011 ¼ 18%, 2013 ¼ 2%). Partitioning regional data by state revealed considerable variation in percentages of less common biotypes RWA 1, 2, 3/7, and 8 (Table 4) . RWA6 was the most prevalent biotype ranging from 60-66% in all states but Kansas (48%) in 2011, and 70-80% in all states but Colorado (56%) in 2013. Biotype composition summaries by state showed no strong trends affecting individual biotype occurrence which might indicate influences from differing cropping systems or noncultivated hosts between states.
Biotypic Variation-Local. Within-field biotype composition was relatively consistent across field sites with the exception of a few sites showing markedly different biotype percentages (Table 5) . Colorado which contained the most field sites sampled, best exemplified the wide range of percentages for each biotype detected within seven fields sampled; RWA1 (3-24%), RWA2 (10-59%), RWA3/7 (0-43%), RWA6 (8-53%), and RWA8 (0-6%). In cases where several fields were 
a Sus.-susceptible to all Russian wheat aphid biotypes; newresistant to biotypes RWA1-8.
b Chlorosis ratings of 1 to <5 ¼ resistant (R); >5 to 9 ¼ susceptible (S). sampled within a county (e.g., Platte Co., WY), the number of biotypes and percentage of biotype composition was comparable. RWA6 was consistently found in higher frequency at most field sites; however, there were cases where either RWA2 (e.g., Weld Co., CO) or RWA3/7 (Kiowa Co. #3, CO) had higher frequencies. RWA8 was the least represented of the biotypes across all sites and usually was not detected in most fields. No new biotypes were detected which would be capable damaging plant genotypes with resistance genes from Dn7, CI2401, or STARS 9301B.
Discussion
The plant genotypes that responded differentially to the aphid samples provided clear resistant or susceptible damage responses (Tables 2 and 3 ) which supports earlier studies that classified Russian wheat aphid biotypes with two category plant responses (Puterka et al. 2012 (Puterka et al. , 2014 . None of the isofemale aphid colonies evaluated over the 4-yr period were virulent to Dn7, CI2401, or STARS 9301B which remain universally resistant to all Russian wheat aphid biotypes. The biotype categories listed for Table 2 reflect the recent revision of eight Russian wheat aphid biotypes (Burd et al. 2006 , Weiland et al. 2008 ) into five categories where RWA3/7 represents a consolidation of RWA3, RWA4, RWA5, and RWA7 based on similar responses to resistant and susceptible plant genotypes (Puterka et al. 2014.) .
In 2005, biotypic diversity in the Great Plains states was limited to RWA1 and RWA2. The most prevalent biotype was RWA2 with percentages ranging from 85-90% in Northern and Central Plains states ). However, the plant differentials used to discriminate RWA1-RWA5 in that study were later found unreliable in a recent revision of Russian wheat aphid biotypes (Puterka et al. 2014) . Consequently, the 2005 survey actually reported a high level of aphid virulence to Dn4 resistant wheat that could not be ascribed to a particular biotype.
Our preliminary data in 2010 from Texas suggested that there was a significant biotype shift from Dn4 virulence to Dn4 avirulence by 2010 ( Table 2 ). The shift in biotype composition to Dn4 avirulence was confirmed in 2011 and 2013 and found to be pervasive throughout the Great Plains and Colorado Plateau Regions (Table 3 and Fig. 1 ). The 2005 regional study found high levels of Dn4 virulence in Russian wheat aphid populations for the Central (90%) and Northern (85%) Great Plains Regions ). To make our results comparable with the 2005 study, biotypes percentages for RWA1, 6, and 8 ( Fig. 1) were combined to estimate Dn4 avirulence in Russian wheat aphid population. The result reflected a considerable shift from Dn4 virulence in 2005 to Dn4 avirulence in 2011 (80%) and 2013 (69%) in the Great Plains Region. The high incidence of Dn4 avirulence in Russian wheat aphid populations was also reflected in the Colorado Plateau Region. Results from both years revealed RWA6 to be the most common Dn4 avirulent biotype infesting wheat in Colorado Plateau (55-84%) and Great Plains (65-66%) Regions. Yet, Russian wheat aphid biotypes 1, 2, and 3/7 were still consistently represented in both regions over time with percentages <20% each. Biotype diversity at the local level was generally representative of what was found at the regional (Fig. 1 ) and state levels (Table 4) ; however, biotype frequencies were more variable between fields (Table 5) The shift in biotype composition to Dn4 avirulence that was detected in our study was as unexpected as the appearance of Dn4 virulent RWA2 in 2003 (Haley et al. 2004) . RWA2 appeared to be firmly established and the most adapted biotype in the Great Plains Region ). RWA2 has shown increased presence in mixed Russian wheat aphid samples from 2004 in Colorado (Merrill et al. 2009 and had higher reproduction rates on resistant and susceptible wheat than RWA1 as well as being better adapted to winter conditions by an order of 10 x over RWA1 (Merrill et al. 2014) . RWA2 appeared 9 yrs after the deployment of wheat cultivars with Dn4 resistance. At that time the winter wheat acreage was composed of ca. 25% or greater Russian wheat aphid-resistant cultivars with the Dn4 gene in Colorado where Russian wheat aphid was a threat to wheat production (Haley et al. 2004) . The concentrated use of RWA1-resistant wheat in areas most infested by Russian wheat aphid could have imposed a directional selection pressure toward biotypes that could overcome Dn4 resistance and affect biotypic diversity at a localized level which in turn affected biotype compositions at a regional level. This scenario has occurred in other insect populations having a gene-for gene, insect virulence-plant resistance gene, relationships (Thompson and Burdon 1992) . The Hessian fly (Mayetiola destructor(Say)) is another important pest of wheat that best exemplifies this relationship where more virulent biotypes prevailed regionally in response to resistance genes deployed in wheat (Ratcliffe et al. 2000) . Similarly, the shift from Dn4 virulent RWA2 to Dn4 avirulent RWA6 in the biotype complex appears to coincide with decreased use of resistant wheat containing the Dn4 gene after 2003. Studies on the biology RWA6 are lacking due to its prior infrequency in the biotype complex. Thus, it is not known if it has a greater reproductive advantage on susceptible wheat or grasses, increased survival under winter conditions, or responds differently to other biotic or abiotic factors which would favor an increased presence over RWA2.
Wheat is not the only host critical to Russian wheat aphid survival or the only factor influencing biotypic diversity. Noncultivated grasses have been found to play an important role in maintaining Russian wheat aphid populations (Burd et al. 1998 ) and biotypic diversity (Weiland 2006 , Puterka et al. 2012 . Noncultivated and cultivated grasses serve as important alternate hosts and also create a oversummering host bridge between the time wheat is harvested in early summer to when new plantings become available in the Fall (Burd et al. 1998) . Moreover, noncultivated grasses maintain Russian wheat aphid populations into the fall and enable a critical phase of the Russian wheat aphid holocycle when sexual morphs occur, mate, and produce overwintering eggs that hatch to produce a tremendous amount of new biotypic diversity in the spring (Puterka et al. 2012) .
Currently, information on the factors influencing the fitness and survival of individual biotypes is insufficient and perhaps too complex to predict which biotypes will prevail. The appearance of new biotypes resulting from new introductions or sexual reproduction in the existing Russian wheat aphid populations also complicates estimates on the longevity of resistance gene deployment in wheat. Certainly, the biotypic diversity we detected in Russian wheat aphid populations can overcome any resistance source that is not resistant to all known biotypes. The potential for selection of virulent biotypes through deployment of resistant cultivars underscores the importance of identifying resistance sources that are not biotype specific. We did not detect new biotypes; therefore, resistance sources in wheat (Dn7, CI2401) and barley (STARS9301B) still remain resistant to the Russian wheat aphid population as a whole. New resistant wheat cultivars are now being developed that carry Dn7 or CI2401 resistance. Development of sustainable wheat and barley resistance greatly relies on knowledge of biotype structure in Russian wheat aphid populations in the field and early detection of new more virulent biotypes. This study documents the shift from Dn4-virulent to Dn4-avirulent biotypes and serves as a valuable baseline for biotypic diversity prior to the deployment of new Russian wheat aphid resistance cultivars in wheat. 
